Numerous marine reserves worldwide are losing their ability to protect wild endemic species due to surrounding ecological deterioration caused by coastal landscape artificialization. Such risk of becoming invalid nature reserves is particularly high in China's Bohai Sea coastal zone, a region with rapid urbanization and industrialization. In this study, the ecological quality (EQ) status around Laizhou Bay Ostrea rivularis germplasm reserve (R1), Yellow River Estuary Meretrix meretrix germplasm reserve (R2), and Taoer Estuary Sinonovacula constricta germplasm reserve (R3) was dynamically diagnosed using seven indicators characterizing ecological support and threat from peripheral environments. A series of thresholds indicating EQ and corresponding landscape artificialization intensity (LAI) were determined based on multi-factor clustering analysis and relational regression simulation. The results show that the surroundings of these three reserves were favorable in 1984, insufficient in 2000, and unfavorable in 2015. With an average 7.5 times increase in LAI over the past three decades, the EQ levels around R1-R3 declined significantly and have deviated greatly from their optimal reference status by 2015, which stemmed mainly from intertidal landscape artificialization, such as establishing salt pans, industrial areas and ports after reclaiming wetlands. It was found that R3 > R1 > R2 in terms of overall peripheral ecological degradation, implying that the closer the marine reserve is to the land, the more likely it is to lose its effectiveness. The changes in EQ status and LAI were well indicated by the proportion of natural ecosystems, the distance between seawalls and protected boundaries, and the reserves' enclosed degree by artificial systems, which, as a quick and simple diagnostic approach, can facilitate spatial planning and management practices around marine reserves in the Bohai Sea coastal zone and elsewhere.
Introduction
Many marine wild species can provide seeds, larvae and genetic materials for the production, breeding and research of fisheries and aquaculture, serving as vital aquatic germplasm resources (Ayyappan et al., 2014; FAO, 2019) . The establishment of marine aquatic germplasm reserves (MAGRs) is of great significance for global biodiversity conservation and sustainable fisheries development (Lakra et al., 2007; Wenzel et al., 2013) . Yet, large quantities of MAGRs worldwide are at risk of degradation and ineffectiveness due to the deterioration of their surrounding environment (Gimmi et al., 2011; FAO, 2019) . In recent decades, natural landscapes around these reserves have been dramatically transformed and artificialized (Castro et al., 2016; Fan et al., 2017) . Driven by coastal urbanization, this trend of landscape artificialization around marine reserves including MAGRs will be further strengthened (Parravicini et al., 2012; Waltham and Sheaves, 2015) .
MAGRs are mostly created in estuaries, intertidal zones and adjacent waters, and their internal habitat conditions and population viability are quite sensitive and vulnerable to changes in the surrounding hydrogeomorphic environment (Bazaïri et al., 2003; Castro et al., 2016) . MAGRs usually perform well in natural or slightly developed coastal areas, because they can receive adequate ecological support from peripheral natural ecosystems that play a crucial role in providing additional habitats, acting as nutrient sources, purifying pollutants, maintaining hydrological connectivity, and alleviating human interference for reserves (Pringle, 2003; Engle, 2011; Ondiviela et al., 2015) . With the elimination of natural landscapes and the introduction of artificial systems (e.g., industrial areas and ports) around them (Ducrotoy and Dauvin, 2008) , these aquatic reserves are destined to degenerate and lose their ability to protect target species (Hubbard et al., 2014) , since naturally occurring ecological processes including nutrient cycling, hydrodynamic processes, and sedimentary balance have been subjected to intense alteration, directly or indirectly worsening the physicochemical characteristics of protected habitats (Azevedo et al., 2008; Elliott et al., 2016; Tomassetti et al., 2016) .
The Bohai Sea coastal zone is considered to be among the most conflicting areas between biodiversity conservation and economic development (Parravicini et al., 2012; Andersen et al., 2015) . It is a region rich in coastal and marine species diversity (Wu et al., 2012) , but is undergoing high-intensity exploitation due to its socio-economic role of the Bohai Economic Circle in China (Fan et al., 2017) . Rapid urbanization is threatening the 15 national MAGRs distributed here, which account for nearly one-third of all such reserves in the country. The intertidal wetlands surrounding MAGRs have been almost reclaimed to meet the land demand for urban construction, aquaculture ponds, and salt pans (Bi et al., 2014; Perkins et al., 2015) . From the natural state before 1980 to the fairly artificialized state of the 2010s, the ecological quality (EQ) around protected areas has fallen drastically (Ryu et al., 2016) . In recent years, although the degradation of these MAGRs has received increasing concern, researchers focus mainly on the dynamics of natural populations and habitats within reserves and pay little attention to changes in environmental conditions around reserves (Tian et al., 2017; Zhang et al., 2017a) .
Land use and land cover characteristics, as an intuitive reflection of landscape succession and transformation, contain information on human activity intensity and environmental quality (Stapanian et al., 2018) . At a landscape level, several studies have explored the processes and effects of land use intensification around protected areas (Gimmi et al., 2011; Davis and Hansen, 2011) . Moreover, some conceptual models proposed by researchers (DeFries et al., 2010; Hansen et al., 2011) , have deepened our understanding for the ecological mechanisms linking protected areas to surrounding lands . It has been recognized that protected areas should be managed in a range larger than their borders to avoid ecological isolation and threat caused by the artificialization of surrounding landscapes Gimmi et al., 2011) .
For areas around MAGRs, an urgent management concern and challenge is how to control their landscape artificialization intensity (LAI) to achieve an acceptable EQ status. It is necessary to quantify the relationship between landscape artificialization and EQ conditions around reserves. In this study, we selected three MAGRs in the Bohai Sea coastal zone as research sites. Using remote sensing data and GIS-based spatial statistical analysis, the trajectory of EQ degradation surrounding reserves was detected in combination with the landscape artificialization process. The specific objectives of the study were to 1) analyze the spatiotemporal characteristics of EQ status and LAI in study areas; 2) reveal their relationship; and 3) seek a series of thresholds that can be used for spatial planning and management around MAGRs in the Bohai Sea coastal zone.
Study sites
Laizhou Bay Ostrea rivularis germplasm reserve (R1), Yellow River Estuary Meretrix meretrix germplasm reserve (R2), and Taoer Estuary Sinonovacula constricta germplasm reserve (R3) were selected as study sites, which are located in the southern Bohai Sea coastal zone (37 07 0 e38 16 0 N, 117 52 0 e119 24 0 E) and cover an area of 15.1, 21.9 and 9.2 km 2 , respectively ( Fig. 1) . The region is characterized by the flattest and widest intertidal zone along the Bohai Sea, with an average slope of 0.2‰ and a width of 4e7 km. There are more than 10 rivers including the Yellow River, which carry large quantities of fresh water, sediment and nutrients into the sea. Excellent habitat conditions, i.e., soft bottoms, low salinity, high nutrition and shallow water depth (<3 m), make these aquatic reserves and their adjacent waters a desirable spawning and nursery ground for fish and benthic species. However, the landscape transformation with a high-intensity development has dramatically altered the environment surrounding protected areas over the past two decades. Modifications in the daily tidal cycle, hydrological connectivity and hydrodynamic processes are listed as major external threats to aquatic reserves. Based on baseline information for superior surroundings obtained from remote sensing images of the early 1980s, a radius of 9 km around reserves was determined as our research area, mainly considering the maximum width of original natural intertidal zones, the average distance between reserves and local settlements in 1980, and the reasonable spatial scale of the current marine functional zone planning.
Material and methods
Following the research procedure in Fig. 2 , we quantified the levels of LAI and EQ around each reserve, detected their relationship, measured the degree of the EQ status deviating from its natural situation, and finally determined the thresholds corresponding to different EQ status. The data used in the study is shown in Table 1 .
Quantifying and mapping LAI
The ecosystems in the study area were divided into four categories: natural ecosystems (NE), near-natural ecosystems (NNE), semi-artificial ecosystems (SAE), and artificial ecosystems (AE), which were assigned an artificialized-level score of 0, 1, 2, and 3, respectively, in terms of the degree of difference and gradient change in their natural attributes. According to remote sensing images and ancillary datasets (Table 1) , 10 types of land cover were identified (Fig. 3) , and then grouped into NE (shrub-grass lowland, salt marsh, mudflat, seawater, and river), NNE (newly reclaimed land), SAE (aquaculture pond and salt pan), and AE (industrial area and port area). The study area was subdivided into grid cells of 800 m Â 800 m in ArcGIS10.2, and for each cell, its LAI was calculated by summing the area-weighted scores of different ecosystem categories. We mapped LAI based on the score of all cells and visually analyzed their variations at four landscape artificialization levels: no or slight (0.0e0.5), low (0.5e1.5), medium (1.5e2.5), and high (2.5e3.0).
Quantifying and mapping EQ
The EQ was spatially quantified by five environmental variables: natural aquatic habitat ratio (NR), tidal creek density (TD), high pollution area ratio (HR), road density (RD), and impervious surface ratio (IR). NR and TD are positive indicators, whose larger values indicate the greater ecological support capacity of the surrounding environment for aquatic reserves. In contrast, HR, RD, and IR, as negative indicators, suggest that protected areas would receive less and less support and more and more threat from surrounding areas with their values increasing. Using ArcGIS10.2, we first created a polygon or polyline vector layer for the five indicators based on remote sensing and land cover data, and then linked the indicator layers with an established fishnet with 800 m Â 800 m grids. Given the relative importance of various indicators to reserves and our understanding that the loss of ecological support around protected areas has been more serious in recent years than the increase of human threats characterized by those negative indicators, each grid cell got different scores in the interval [0, 3] for positive indicators and [-2, 0] for negative indicators. For each study area across its study period, a maximum score of 3 for positive indicators and a minimum score of À2 for negative indicators were assigned to those cells with the highest indicator observations, respectively, and other cells obtained corresponding scores in terms of the ratio of their indicator observations to the highest indicator observations. After accumulating the scores of all the indicators in each cell, the EQ conditions for each study area were mapped and visualized for a spatial and temporal analysis. 
Measuring deviation of EQ status
Coastal aquatic reserves are increasingly being isolated and enclosed by surrounding artificial landscapes, which can be instructed by the distance between seawalls and reserves (DR) and the closed degree of reserves (CR). Using these two indicative variables and the above five variables that spatially characterize ecological quality, we measured the extent to which the EQ status of study areas at different stages deviated from their optimal status by performing a cluster analysis. For each study area, observations for all indicators were normalized to a range of 0e1 (Yuan et al., 2014) , and the value 1 represented the optimal reference status of positive indicators and the worst reference status of negative indicators. The optimal reference status was determined based on the natural environment characteristics around the three MAGRs in the early 1980s, while the worst reference status was determined based on their adjacent areas that have been highly artificialized by 2015. Meanwhile, the deviation of each indicator from its respective optimal criteria was also evaluated. In order to make the information expressed by a radar chart easier to understand, we conducted an inverse treatment for normalized negative indicators, i.e., the value 0 here represented the worst reference status of negative indicators. Based on the degree of deviation from the ideal situation, the EQ status category (favorable, insufficient, unfavorable, and very unfavorable) was identified (Ondiviela et al., 2015) . 
Statistical analysis
A one-way analysis of variance (ANOVA) was performed in SPSS 19.0 to identify significant differences in the levels of LAI and EQ surrounding each MAGR at different stages. The multi-factor clustering analysis was used to explore the distance between the EQ status and its optimal and worst reference status. Through regression analysis, the relationship between EQ and LAI was examined to determine key thresholds for controlling human activity around protected areas.
Results

Spatiotemporal characteristics of LAI
The LAI of all study areas showed a rapid growth trend, with an average increase of 7.5 times in the past three decades (Fig. 4) . For each study area, the difference in landscape artificialization levels between different years (1984, 2000, and 2015) was significant. The mean LAI value was highest in R1 (1984, 2000) and R3 (2015), but lowest in R2 in the same period. Spatially, the artificialization of landscapes and ecosystems extended from land to sea, and by 2015, few untransformed natural habitats occurred in the supratidal and intertidal zone (Fig. 5) . In 1984, the proportion of areas with no or slight level of landscape artificialization was highest for R1 (87%), R2 (98.9), and R3 (91.9%), indicating that the three MAGRs were almost in a natural environment. In 2000, although approximately a quarter of regions were lowly and moderately artificialized in R1-R3, the landscapes with no or slight artificialization were still dominant. In 2015, the artificialization areas rose dramatically both in intensity and quantity, and especially for R3, the ratio of moderately and highly artificialized landscapes was as high as 56%, implying a huge loss of its natural attributes and processes.
Variations in EQ status
Spatiotemporal patterns of EQ
Average EQ scores ranged from 2.1 to 2.9 in 1984, 1.5 to 1.9 in 2000, and -1.3 to 0.9 in 2015, with a significant decline of the ecological quality level in each study area (Fig. 6 ). During the period 1984e2000, the levels and variation trends of EQ of R1, R2 and R3 were similar, but there was a larger difference between 2000 and 2015, when the average EQ value of R3 dropped sharply below 0, with a decline rate of 0.7 and 2 times greater than that of R1 and R2, respectively. Fig. 7 illustrates the temporal and spatial patterns of EQ conditions around reserves. In the early 1980s, superior areas with higher EQ values (>2) accounted for more than 70% of all study areas, and there were no inferior areas with lower EQ values (<0) within a 4-km radius around three protected areas. However, the superior areas were increasingly being replaced by inferior areas, which gradually approached and surrounded MAGRs at a fairly high area ratio in R1 (46.2%), R2 (33.2%), and R3 (73.3%) in 2015.
Deviation and classification of EQ status
Except for DR, the indicators NR, TD, HR, RD, IR and CR in 1984 had slight deviation from their respective optimal reference standards ( Fig. 8) . In 2000, several indicators in R1 (NR, HR, IR, and CR), R2 (HR, IR, and CR) and R3 (NR, TD, HR, RD, IR, and CR) displayed higher (>70%) similarity with their optimal status, whereas the others were more inclined to their worst situation. In 2015, most indicators lost their parametric characteristics under natural conditions and were extremely close to the worst state, particularly for R3. This conclusion was further confirmed by the results of the cluster analysis ( Fig. 9 ). For all study areas, the environmental conditions in 1984 and 2015 were clustered separately into the group with the best and worst reference states, indicating that their EQ status was favorable in 1984, insufficient in 2000 and (very) unfavorable in 2015, due to a corresponding slight, medium, and high deviation from the optimal status, respectively. By integrating the information in Figs. 6, 8 and 9, different status categories and corresponding EQ thresholds were determined (Table 2) .
Relationships between EQ status and LAI
The EQ around reserves varied with the LAI, and there was a significant negative relationship between them (Fig. 10) . A series of thresholds for regulating human activities in terms of average LAI value, NE proportion, DR and CR were inferred from the identified EQ thresholds (>2, 1e2, 0e1, and <0) ( Fig. 10) . When the value of LAI rises from below 0.3 to greater than 0.98, the EQ is likely to convert from favorable status to very unfavorable status, and correspondingly, NE proportion, DR and CR have a probability change from >82%, >3 km and <50 to <42%, <0.4 km and >210 , respectively (Table 2) .
Discussion
EQ dynamics and relationships with LAI
We found that the ecological quality (EQ) levels around the three MAGRs in the Bohai Sea coastal zone decreased significantly during the study period. Both the indicators and the overall EQ status in 2015 displayed an extreme deviation from the optimal reference situation, implying that the peripheral environment of reserves has deteriorated in recent years, which is consistent with previous reports in the region (Zhang et al., 2017b) .
For protected areas, the surrounding environment may be ecologically favorable or unfavorable, depending on the dominance and changes in external ecological support and threat (Parravicini et al., 2012; Hansen et al., 2014) . MAGRs can obtain ecological support from the surrounding natural aquatic systems including salt marshes, mudflats, shallow waters, and tidal creeks, which are critical for maintaining water-mediated processes and balances (Foster et al., 2013; Elliott et al., 2016) . Also, they have to endure threats and pressures imposed by peripheral artificial systems, such as pollution, species invasion, habitat disturbance, and connectivity blockage (Borja et al., 2010; Castro et al., 2016) . In the present study, the parameter characteristics of indicators characterizing ecological support (i.e., NR and TD) and ecological threat (i.e., HR, RD, IR, DR and CR) in 1984 were generally similar to the optimal criteria, but were closer in 2015 to the worst standards, indicating that the surrounding environment of three MAGRs has been converted from an ecologically high support and low threat status in 1984 to a low support and high threat status in 2015 (Fig. 8 ). Cluster analysis further classified the EQ status of study areas (R1, R2 and R3) at different stages. Our results showed that all the EQ conditions in 1984 approximated their optimal reference status under natural environments, while those in 2015 had no significant difference from the worst reference status with strong human interference (Fig. 9 ). It should be noted that, although the EQ status of the same year was clustered into the same group, the ecological degradation of R3 during 2000e2015 was more severe than that of R1 and R2, which can be reflected by an obvious difference in their average EQ state characteristics ( Figs. 6 and 7) . The EQ dynamics around protected areas are fundamentally controlled by the local landscape transformation and artificialization process (Parravicini et al., 2012) . It was found that low EQ areas usually spatially corresponding to high LAI areas ( Figs. 5 and 7) , showing a significant negative relationship (Fig. 10a ). In the early 1980s, three study areas were only slightly developed (Fig. 3) . Despite the presence of salt pans and aquaculture ponds, such semi-artificial ecosystems with a small area ratio had little negative impact on aquatic reserves, that is, the surrounding environment was still considerably favorable by providing sufficient ecological support . With the continued increase of salt pans and aquaculture ponds, 20e30% of areas were lowly and moderately artificialized in 2000 (Fig. 5) . This led to a decline in positive indicator values and an increase in negative indicator values, suggesting that the ecological function of study areas has been somewhat impaired due to the reduction, fragmentation and anthropogenic disturbance of natural habitats (Perillo et al., 2005) . During 2000e2015, the introduction and expansion of artificial and semi-artificial ecosystems greatly raised the level of landscape artificialization in terms of intensity and scale, and the ratio of areas with medium and high LAI has risen to a half or so, which indicated a drastic change in regional environments and corresponding natural ecohydrological processes (Zhang et al., 2016) .
Coastal landscape artificialization mainly occurs in supratidal and intertidal zones and presents a trend of spreading from land to sea (Fan et al., 2017) . In our study areas, the ecological quality around MAGRs was most relevant to the dynamics of intertidal ecosystems. This study can support previous findings that intertidal zones increasingly shrink in width under the pressure of "coastal squeeze" (Doody, 2004) , which stems from the seaward expansion of artificial ecosystems and the landward erosion caused by sea-level rise (Schleupner, 2008; Torio and Chmura, 2013) . Natural intertidal zones are usually areas with the highest EQ values due to their contribution to aquatic reserves in providing nutrients, degrading pollutants, and maintaining hydrodynamic conditions and hydrological connectivity (Engle, 2011) . However, landscape artificialization often turns these high EQ areas into low EQ areas, leading to a drastic ecological deterioration surrounding MAGRs.
We also found that environmental succession and quality characteristics around MAGRs are quite associated with the location of these reserves in the land-sea transition zone. The closer the reserves are to the land, the higher the intensity and probability of their surrounding landscape artificialization. In our case, there has been a significant difference in the average LAI and average EQ levels since 2000 for R1, R2, and R3, which are located in the middle intertidal zone, the subtidal zone, and the upper intertidal zone (Fig. 1) , respectively. From 2000 to 2015, R3 suffered the highest intensity of development and the largest scale of landscape transformation, as salt marshes are more easily reclaimed than mudflats and seawater areas. Thus, R3 was very unfavorable to its protected area, with the extremely harsh environmental conditions in 2015: less than 20% of natural habitats, direct overlap of seawall and protected boundaries, and almost complete isolation by artificial systems (Fig. 3) . Although not as serious as R3, R1 also experienced a substantial decline in ecological quality caused by landscape artificialization during the same period, and it was predicted that this ecological degradation trend would accelerate with the loss of mudflats and the establishment of artificial systems along the coastline. In contrast, the situation of R2 was better than that of R1 and R3, since the seawater with a certain depth alleviated land exploitation around the reserve (Fig. 3) .
Implications for regional management around MAGRs
Coastal landscape artificialization results in ecological degradation and deterioration around marine reserves by substantially eliminating and modifying original landscapes dominated by natural wetlands (Nordlund and Gullstr€ om, 2013) . Our study revealed that the surrounding environment is favorable to these aquatic reserves only when the proportion of natural ecosystems is not less than 82% (Fig. 10 ). With this proportion dropping below 62% and below 42%, the surrounding environment would be in an unfavorable and very unfavorable status, respectively. Therefore, the primary management effort is to renaturalize the landscapes that have been artificialized (Lüderitz et al., 2004; Barr and Kliskey, 2014) . In particular, original intertidal ecosystems that have been converted into salt pans and aquaculture ponds should be restored as much as possible using ecological engineering approaches (Weinstein et al., 2001; Duarte et al., 2015; Elliott et al., 2016) .
According to parameter thresholds explored in this study, almost all artificial facilities need to be removed within a 3-km radius around MAGRs to create a buffer zone composed of natural aquatic habitats Stapanian et al., 2018) . With the retreat of seawalls (DR > 3 km) and the relief of high siege by artificial systems (CR < 50 ), human disturbances are greatly mitigated and adequate eco-hydrological links between reserves and their surrounding areas are ensured (Elliott et al., 2016) , which is crucial for the reconstruction of advantageous environments around MAGRs. In addition, adjustments to existing protection boundaries are also required (Xie et al., 2012) . Due to the long-term negative impact of the artificialization of surrounding landscapes, some habitats within protected areas may no longer be suitable for the survival of natural populations, which is most likely to occur in the MAGRs like R3. It is thus necessary to seek relatively more suitable species habitats by investigating and assessing population dynamics and habitat conditions (Zhang et al., 2018) .
For threatened MAGRs in the Bohai Sea coastal zone suffering from rapid urbanization, an urgent task is to coordinate the surrounding human activities and implement ecological restoration based on reasonable spatial planning (Borja et al., 2010; Milbrandt et al., 2015; Waltham and Sheaves, 2015) . This first relies on the dynamic monitoring and evaluation of ecological quality conditions and landscape artificialization trends around reserves (DeFries et al., 2010) . Our approach attempts to provide policymakers and managers with an operational instrument. Especially, using spatial indications of surface features, such as the proportion of natural ecosystems, the distance between seawalls and protected boundaries, and the reserves' enclosed degree by artificial systems, those managers with little expertise can quickly and easily diagnose the EQ status and LAI around reserves. To make diagnostic results better serve management practices, further research is needed to combine internal responses of these MAGRs with surrounding environmental variations.
Conclusions
For the three MAGRs, the surrounding EQ status was diagnosed as favorable in 1984, insufficient in 2000, and unfavorable in 2015. The EQ level around reserves was significantly negatively correlated with local LAI, and particularly depended on the extent to which various intertidal wetlands have been artificialized. At the beginning and end of the study period, the peripheral environments of MAGRs respectively showed a slight and great deviation from the optimal reference status. Of the three study areas, R3 suffered the most severe ecological degradation in 2000e2015, which may be related to its location in the upper intertidal zone. Our results reveal that only when the proportion of natural ecosystems around MAGRs is not less than 82%, the surrounding EQ and LAI can reach acceptable levels. This requires some management efforts and strategies, such as renaturalization and ecological restoration of surrounding areas, establishment of natural buffer zones, and boundary adjustment of protected areas.
